INTRODUCTION
Oligonucleotide and cDNA microarrays are powerful, versatile research tools that are used extensively to investigate gene expression levels on a genome-wide basis. In general, highdensity oligonucleotide microarrays offer greater specificity and flexibility than cDNA microarrays and can also be used to distinguish single nucleotide polymorphisms and discern splice variants (1, 2) . Advantages of spotted long oligonucleotide microarrays over short oligonucleotide microarrays include probe design with more uniform hybridization characteristics and lower costs. Generally, long oligonucleotide microarrays can be printed and analyzed in the same way as cDNA microarrays but without the need for repeated verification of the probe sequence.
In addition, combining microarray analysis with laser-capture microdissection of unique cell populations within heterogeneous tissue lesions has revealed new insights into the pathogenesis of many diseases (3) (4) (5) (6) (7) . However, the amount of RNA isolated from the microdissected samples is rarely sufficient for microarray analysis because more than 100 ng poly(A) or 20 μg total RNA are usually needed (8) . Several different methods, including linear RNA amplification (9, 10) and PCR-based protocols (11) (12) (13) , have been introduced to overcome this problem. Linear RNA amplification with T7 RNA polymerase and oligo(dT) primer attached to a T7 polymerase promoter was first described by Van Gelder et al. (14) . This method, either after one or two rounds of amplification, generates antisense-strand amplified RNAs (aRNAs) that can be used for producing sense-strand labeled cDNA targets. This conventional method is well suited for cDNA microarray analysis because the cDNA probes in the microarray are double-stranded molecules. However, oligonucleotide microarrays contain only sense-strand probes, which cannot hybridize with labeled cDNA targets generated from the conventional RNA amplification method. Alternatively, labeled aRNA has been used for hybridization in microarray experiments (15) . This method has been extensively used on short oligonucleotide microarray platforms containing multiple probes per gene (7) . Because labeled aRNAs need to be fragmented before hybridization, this microarray protocol is relatively insensitive for partial degradation of the RNA during preparation. However, partial degradation of labeled RNA on microarrays containing long oligonucleotide probes leads to signal loss because they have only one longer probe (65-70 bp) per gene. PCR-based amplification methods have also been used to produce labeled antisense-strand cDNA products, and they often contain fewer steps and offer a less time-consuming alternative to linear RNA amplification. One of the most popular PCR-based methods uses the template switching (TS-PCR) technique (12) . Previous studies have already compared the Van Gelder (14) method with TS-PCR and found that on cDNA, microarray products from linear amplification showed better correlation with the nonamplified samples than products from TS-PCR (16) , while the amplification rate with the TS-PCR was lower than with two rounds of linear amplification (10) . The increase in cycle number would lead to a higher amplification rate but would also raise concerns that the exponential nature of the PCR amplification may lead to serious expression ratio bias.
To avoid the potential loss of signals from the extended manipulation of RNA and false-positive spots from PCR-based amplification, we wanted to develop a method that utilized the very efficient aminoallyl-labeling of cDNA targets (17) together with linear RNA amplification for oligonucleotide microarray-based analysis of gene expression. Modification of the linear amplification protocol, when random 9-mers with a T3 polymerase promoter (T3N9 primers) and T3 RNA polymerase are used in the second round of RNA amplification (18) , leads to the synthesis of sense-strand aRNA. In our experiments, the aRNA from the T3N9-primed second amplification round was reverse transcribed, and the labeled antisense cDNA target was hybridized to oligonucleotide microarrays containing sense 65-mer probes. We show that this method generates highly reproducible data, with significant correlation between total RNA and the aRNA from diluted total RNA as well as total RNA from laser-microdissected samples.
MATERIALS AND METHODS

Animal Samples
The generation of Alb c-myc (c-myc) single-transgenic mice and Alb-c-myc/ MT-TGF-α (TGF-α) double-transgenic mice, the description of transgene expression patterns, and pathological changes have been previously reported (19) (20) (21) . Control RNA samples were isolated from the livers of two B6CBA/ F1 mice. All experiments were performed in accordance with the National Institutes of Health (NIH) Animal Research and Care Guidelines (http:// oacu.od.nih.gov/ARAC/).
Laser-Capture Microdissection and RNA Isolation
Wild-type liver samples, primary liver tumors, and samples microdissected from the livers of transgenic mice were embedded in OCT ® medium (Sakura Finetek, Torrance, CA, USA) and frozen on dry ice. Whole tumor samples were snap frozen in liquid nitrogen and stored at -80°C. From the frozen blocks, 7-μm-thick sections were cut, mounted on uncoated glass slides, and stored at -80°C. Sectioning, staining, microdissection, and RNA isolation were performed on the same day. During the staining procedures, slides were fixed in 70% ethanol for 20 s, and then dipped 10 times in diethylpyrocarbonate (DEPC)-treated water, stained for 10 s with Staining Solution ® (Arcturus, Mountain View, CA, USA), washed by 10 dips in DEPC-treated water, and dehydrated with 10 dips in 70% ethanol, 95% ethanol, and 100% ethanol, consecutively. The slides were then incubated in xylene for 1 min, air-dried with vigorous shaking, and immediately microdissected using the PixCell IIe ® Laser Capture Microdissection (LCM) System (Arcturus). Tumor cells and normal hepatocytes were microdissected from an area covered by approximately 1000 pulses with a 30-μm laser spot diameter. RNA from the laser-microdissected samples was isolated by the PicoPure ® RNA Isolation Kit (Arcturus) according to the manufacturer's protocol, including DNase digestion of samples using the RNase-Free DNase set (Qiagen, Valencia, CA, USA). The concentration of the total RNA from the laser-microdissected samples was measured with a NanoDrop ® ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). From tissue samples, RNA was isolated by the CsCl gradient centrifugation method (22) , followed by two extractions with phenol:chloroform. The quality from whole tissue samples was assessed by formaldehyde agarose gel electrophoresis.
Linear RNA Amplification
In the first round of amplification, the total RNA isolated from the lasermicrodissected samples was mixed with 1 μL T7(dT) 24 primer (100 ng/μL; Ambion, Austin, TX, USA) in a total volume of 10 μL, denatured at 70°C for 10 min, primed, and then cooled to room temperature for 5 min. The primed RNA sample then was combined with 10 μL of first-strand reaction mixture containing 2 μL 5× First Strand Buffer (Invitrogen, Carlsbad, CA, USA), 1 μL of 10 mM dNTP mixture (SigmaAldrich, St. Louis, MO, USA), 2 μL of 100 mM dithiothreitol (DTT; Invitrogen), 2 μL of SuperScript II ® Reverse Transcriptase (Invitrogen), and 1 μL SUPERase-In™ (20 U/μL; Ambion), followed by an incubation for 2 h at 42°C. In the reaction for the secondstrand synthesis, 43 μL of RNase-free water, 20 μL of 5× T4 DNA polymerase buffer (Invitrogen), 2 μL 10 mM dNTP mixture, 3 μL Escherichia coli DNA polymerase I (Invitrogen), and 1 μL of ribonuclease H (10 U/μL; Ambion) were added to the reaction mixture. After 2 h incubation at 16°C, 2 μL of T4 DNA polymerase were added, and SHORT TECHNICAL REPORTS the reactions were incubated at 16°C for an additional 10 min. The reaction was stopped by the addition of 10 μL 0.5 M ethylenediaminetetraacetic acid (EDTA). The double-stranded cDNA was purified with 100 μL phenol:chloroform (Sigma-Aldrich). The aqueous phase was washed twice with DEPCtreated water, concentrated with a Microcon ® Y-30 column (Millipore, Billerica, MA, USA), and sample volumes were adjusted to 16 μL.
The aRNA was synthesized from the cDNA template with the MEGAscript ® T7 In Vitro Transcription Kit (Ambion). Briefly, each reaction was composed of 4 μL 10× reaction buffer, 4 μL of each nucleotide solution (UTP, ATP, CTP, GTP; 75 mM each), and 4 μL of T7 enzyme mixture. The reactions were incubated at 37°C in a thermostat for 6 h. The aRNA was purified with the MEGAclear ® Kit (Ambion) and, after elution with RNase-free water, the aRNA solution was concentrated with a SpeedVac ® (Thermo Savant, Holbrook, NY, USA). The entire aRNA product from the first amplification round was transferred to the second round of amplification, in which 1 μL of T3N9 [500 ng/μL 5′-GCGCGAAATTAACCCT-CACTAAAGGGAGAGGGN(9)-3′] was used to prime the first-strand synthesis. The steps of the second-round amplification were identical to the first round, except that in the second round, the MEGAscript T3 Kit (Ambion) was used for the in vitro transcription. After the second round of amplification, the aRNA was cleaned up with MEGAclean ® (Ambion) columns, precipitated with 50 μL 5 M ammonium acetate and 275 μL ice-cold ethanol, and the pellet was redissolved in RNase-free water.
Oligonucleotide Microarrays
The Compugen™ Mouse OligoLibrary™ Release1 Plus Extension Set contains 21,997 65-mer probes for 19,140 different genes (Compugen, Jamesburg, NJ, USA). The oligonucleotide microarrays were produced at the Advanced Technology Center, National Cancer Institute (NCI; NIH).
Probe Labeling and Hybridization
Two microliters of N6 primer (2 μg/ μL) were added to 5 μg aRNA, and the samples were kept at 70°C for 5 min, chilled on ice, and reverse transcribed. cDNA synthesis was performed in 50 μL reaction mixture containing 10 μL of 5× First Strand Buffer, 2.5 μL 20× dNTP mixture (10 mM of each dGTP, dATP, dCTP, 4 mM dTTP, 6 mM aminoallyl-dUTP), 5 μL DTT (100 mM), 2 μL SuperScript II RT, and 1 μL SUPERase-In. For probe synthesis from total RNA, oligo(dT) 20 primer (2 μg/μL; Qiagen) was used with 20 μg total RNA. The reaction mixture was incubated at 42°C for 1 h, followed by a denaturation step at 70°C for 10 min. The RNA was degraded with 20 min ribonuclease H (Ambion) digestion at 37°C. The reaction was stopped with 2 μL 0.5 M EDTA, and the enzyme was removed with 10 μL QuickClean™ Enzyme Removal Resin (BD Biosciences Clontech, Palo Alto, CA, USA), following the manufacturer's instructions. The samples were purified with the Ultrafree ® -MC 0.65 μm (Millipore) filter device, cDNA was precipitated with 5.5 μL 3 M sodium acetate, pH 5.2, with 1 μL yeast transfer RNA (tRNA, 10 μg/μL; Sigma) as a carrier. After precipitation, the cDNA samples were redissolved in 20 μL 0.1 M NaHCO 3 and combined with either a 2-μL water solution of Cy™3 or Cy5 mono-reactive fluorescent dye (50 μg/μL; Amersham Biosciences, Little Chalfont, UK) for 1 h at room temperature. The probe cleanup, hybridization, and array scanning were performed using a GenePix ® 4000A Scanner (Axon Instruments, Foster City, CA, USA), as described elsewhere (23) .
Data Analysis
Background filtering and data normalization were performed by NCI microarray tools (http://nciarray.nci. nih.gov/). Spots with less than the minimum intensity at either channel, a signal-to-background ratio of less than one, or a spot size less than 10 μm were filtered out. Gene expression ratios were log 2 transformed. Genes whose expression was missing in more than 30% of the arrays were excluded from further analysis. Genes with an expression ratio that differed by at least 2-fold compared to the reference sample were identified. For repeated experiments and for amplified and nonamplified samples, the Pearson correlation coefficient was calculated to determine the correlation between repeated experiments as well as between amplified and nonamplified samples. A two-dimensional hierarchical cluster analysis was performed with Cluster and TreeView programs (http://rana.lbl.gov). Expression data will be deposited into the National Center for Biotechnology Information (NCBI; Bethesda, MD, USA) Gene Expression Omnibus (GEO) database. In the first round, cDNA is transcribed from the sense-strand mRNA with oligo(dT) 24 T7 primer. In vitro transcription (IVT) with T7 RNA polymerase generates antisense-strand RNA. In the second round, cDNA synthesis with the N9T3 primer was followed by IVT using T3 RNA polymerase with a sense-strand product. aRNA, amplified RNA. 
RESULTS AND DISCUSSION
Fluorescently labeled RNA (antisense strand) targets from the conventional T7 RNA polymerase-based amplification have been used for oligonucleotide microarray experiments because spotted oligonucleotide microarrays contain sense-strand probes (15) . However, extensive manipulation of the RNA sample can easily lead to degradation of the labeled products, which cause decreased signal intensity and labeling bias. Therefore, the amplification method employed in the present study generates sense-strand RNA that enabled us to use the aminoallyl cDNA labeling method and achieve equal labeling of the two samples that were compared. Duplicate amplification reactions of total RNA from both the normal and the myc/tgf-α tumor samples were done using a modified two-round linear amplification method (18) , with T3N9 primers and T3 RNA polymerase-based in vitro transcription in the second round to generate sense-strand aRNA (Figure 1 ). After two rounds of amplification, using T7 polymerase in the first round and T3 polymerase in the second round, 22, 23, 27, and 23 μg of aRNA were recovered from four independent amplification reactions, an average 2.3 × 10 4 -fold amplification from the starting mRNA, indicating that our amplification protocol provides consistent yields of aRNA. After the second round of the linear amplification, the aRNA product size was assessed with formalin gel electrophoresis. The product size, in agreement with previously published results (24) ranged from 150 bp to 1.35 kb (data not shown). In order to estimate the variation of the labeling and hybridization, we ran duplicate microarray experiments with the total RNA and performed duplicate amplification reactions to generate aRNA samples. Reference samples were also amplified, increasing the bias from the amplification but providing a comparable labeling to the other target. While many studies focused on the reproducibility of the amplification, there are few data available on the direct comparison of global gene expression profiles from the same samples, with or without amplification. To examine how precisely our RNA amplification method preserved the relative abundance of mRNAs during amplification, we compared gene expression ratios between the microarray results with aRNA and those with nonamplified RNA. After processing the raw data as described in the Materials and Methods section, we selected genes with at least a 2-fold difference, compared to the reference in each duplicate experiment, detecting 1135 and 888 differentially expressed genes in the total and 1136 and 1036 in the amplified samples. Each duplicate experiment was also compared separately to estimate the reproducibility of microarray experiments. As expected, we observed high reproducibility between duplicate microarray experiments with total RNA (Figure 2A ; correlation of 0.92). The reproducibility between microarray experiments with independently amplified aRNA was highly similar to those with total RNA (correlation of 0.90). Most importantly, the correlation between microarray experiments with amplification and without amplification of RNA remained high ( Figure 2C ; correlation of 0.79). Our results show that the correlation between repeated amplifications is similar to the correlation between repeated hybridizations with the same samples (see supplementary Table S1 at the BioTechniques' web site at http://BioTechniques.com/ October2004/Kaposi-Novak.html). These data are comparable to those obtained with two rounds of linear T7 amplification using the same cDNA microarray labeling method (25) . Zhao et al. (26) found an average correlation of 0.74 to 0.86 between amplified and poly(A) RNA arrays, with one round of T7 amplification of breast tumor samples. Similar results were obtained by Xiang et al. (18) , employing repeated amplification with the T3N9 method and demonstrating the reproducibility of the amplification.
To test the method on laser-microdissected samples, we used three different liver tumors from myc and myc/tgf-α double-transgenic mice. From each sample, approximately 3000-4000 cells were microdissected. The amount of total RNA isolated from the microdissected samples varied between 60 and 80 ng. The RNA amplification and the microarray hybridiza-SHORT TECHNICAL REPORTS tion were performed in the same way as previously described. Amplification reactions from the laser-microdissected samples yielded 16-25 μg aRNA.
Reference samples from wild-type mouse liver were also microdissected, amplified, and pooled together before the array hybridization. We selected genes with 2-fold or larger expression differences compared to the reference in at least two arrays for further analysis. The two-dimensional hierarchical cluster analysis and multidimensional scaling of the samples showed that the tumors from the two different transgenic lines have stable expression differences and form separate clusters (see supplementary Figure S1 ). Hierarchical clustering of expression profiles from the myc/tgf-α transgenic mouse tumors obtained by total RNA, amplification of the total RNA, laser microdissection, and RNA amplification revealed a significant correlation between the expression profiles of those obtained from total or aRNA as well as from microdissected samples (Figure 3 ). We were also able to identify some of the persistent bias, such as consistent differences of the gene expression values compared to those from total RNA experiments, introduced by either the amplification or the laser-microdissection procedures.
In conclusion, the product from linear RNA amplification using T3N9 primer-and T3 RNA polymerase-based in vitro transcription in the second round of amplification is suitable for indirect labeling and hybridization of oligonucleotide microarrays. The re- 
SHORT TECHNICAL REPORTS
sults from replicate experiments with the aRNA are highly reproducible, and the expression profiles display significant correlation with those obtained from the nonamplified total RNA.
